A laboratory scale supersonic burner has been developed for validation of computational fluid dynamics models. Detailed numerical simulations were performed for the flow inside the combustor, and coupled with finite element thermal analysis to obtain more accurate outflow conditions. A database of nozzle exit profiles for a wide range of conditions of interest was generated to be used as boundary conditions for simulation of the external jet, or for validation of non-intrusive measurement techniques. A set of experiments was performed to validate the numerical results. In particular, temperature measurements obtained by using an infrared camera show that the computed heat transfer was larger than the measured value. Relaminarization in the convergent part of the nozzle was found to be responsible for this discrepancy, and further numerical simulations sustained this conclusion.
d
= thickness h = convective heat transfer coefficient k = thermal conductivity K 1 , K 4 = acceleration parameter M = Mach number M e = nozzle exit Mach number M f = simulated flight Mach number p = pressure Q = volumetric flow rate q = heat flux Re θ = Reynolds number based on the momentum thickness T = temperature T 0 = stagnation temperature T aw = adiabatic wall temperature T w = wall temperature TKE = turbulent kinetic energy U = axial velocity x = axial distance y = radial distance y + = dimensionless normal turbulence coordinate θ = momentum thickness μ w = dynamic viscosity at the wall ν = kinematic viscosity ρ = density
I. Introduction
esign and analysis of scramjet engines is complex, wind tunnel testing is costly and generally limited to low hypersonic Mach numbers or very short duration. Only a few, successful flight experiments have been Figure 2 is an infrared image of a typical flame obtained with the burner described above. The image is for a case with M f =6 and M e =1. 6 and H 2 co-flow. The flame originates at the interface between the fuel and the ambient air, and is attached to the edge of the co-flow nozzle.
The facility is very versatile and allows wide combinations of reactants. Hydrogen, methane and ethylene have been attempted as alternative fuels for the co-flow, whereas in some other experiments, the facility was operated with excess H 2 and air or H 2 was used in the co-flow. This variety of cases allows great flexibility to provide data targeted to specific CFD problems. For example, cases without combustion target turbulence models for mixing independent of the turbulence-chemistry interactions, whereas cases with robust flameholding and rapid reactions target the effects of heat release on the turbulence models.
The facility is also an excellent tool for development of new non-intrusive measurement techniques. It is not as costly as a hypersonic wind tunnel, offers excellent optical access and can be operated continuously for long periods. Laser measurements techniques can therefore be tested and improved in the laboratory environment. This work will focus on cases with vitiated air in the center jet and H 2 in the co-flow. Other combinations will be the object of future studies.
III. Experimental Setup
Experiments were conducted to validate the numerical results. Four Hastings flowmeters with a nominal accuracy of 1% of full scale were used to control the mass flow rate of the incoming reactants. A 2500 SLPM flowmeter was used to regulate air, two 1000SLPM flowmeters were used for H 2 (center jet and co-flow) and a 300 SLPM for O 2 . Flowmeters were calibrated for atmospheric pressure at the outlet. During a run the pressure at the exit of the flowmeters is much higher than atmospheric, and a set of experiments was performed to determine correction coefficients. The test showed that a higher exit pressure causes readings that are 1-2% too high for every 100 psi of exit pressure above atmospheric. Correction factors were determined for each flowmeter and mass flow rates adjusted accordingly. In addition, the flowmeters were originally calibrated for air, and corrections factors reported in the flowmeter manual, have been implemented to adjust for the different gases used. Table I reports the nominal volumetric flow rates for all the entries in our test matrix. 606.1 Pressure was measured in the burner, at the exit of the nozzle, and at the exit of the co-flow nozzle. Four type K thermocouples were used to monitor the temperature of the reactants, and the difference in the water temperature after passing through the cooling system. Unfortunately, measurements of the volumetric flow rate of the cooling water, and thus heat flux, are not available for this set of experiments because of a malfunctioning instrument. A FLIR Thermacam was used to image the nozzle exit and measure the temperature. The emissivity of silicon carbide in the 3-5 μm range is about 0.8 11 . Neutral density filters were used to avoid camera saturation whenever necessary. We conducted a set of experiments in which a SiC sample was heated and temperature simultaneously measured with a thermocouple and with the camera. The tests verified the calibration of the camera, the filter transmittance and the material emissivity in the range of temperature of interest. Figure 3 shows a typical infrared image of the nozzle exit from which the surface temperature can be extracted. Two regions are easily distinguishable in the image: the nozzle "base" that is the external annular surface of the nozzle, separating the center jet from the co-flow, and the portion of the internal walls of the nozzle visible to the camera.
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IV. Numerical Simulation
A. CFD-FEM approach
Detailed numerical simulations of the internal flowfield were performed in order to determine whether the combustion would stabilize in the combustion chamber, whether the flow at the exit of the nozzle was uniform and shock wave free, and to verify that material temperature and thermal stresses did not exceed the limit of the materials. As a result, the flowfield at the exit of the nozzle is characterized for a wide range of conditions. These data can be used as boundary conditions for simulation of the external supersonic combusting coaxial jet or to validate measurements at the nozzle exit obtained with our CARS-IRS system and other non-intrusive techniques.
Accurate simulation of the internal flowfield requires knowledge of the wall temperature profile. In particular, the enthalpic content of the gas mixture at the exit of the jet is affected by the heat loss through the burner and the nozzle. Heat transfer from the nozzle to the co-flow determines the temperature of the fuel.
Two types of calculations were performed: calculations of the internal flow of the burner using the CFD code VULCAN, and finite element thermal and stress analysis using Cosmoworks, a commercial code. The two calculations were coupled. A tentative wall temperature profile was assigned to the burner and nozzle internal walls as boundary conditions for the CFD calculation. As a result, heat fluxes distribution and bulk temperature profiles were obtained. These data were given as boundary conditions for the finite element thermal analysis that returned an updated wall temperature profile. The process was then iterated until convergence on the wall temperature was achieved.
B. Finite Elements Thermal Analysis
The temperature distribution in the burner assembly was computed using Cosmoworks, a commercial finite element analysis code. Systematic calculations were performed for all the entries of the test matrix and were coupled to the CFD analysis.
Several heat transfer mechanisms compete in determining the temperature distribution in the structure. There is convection from the hot gas to the combustion chamber and nozzle, from the combustion chamber walls to the cooling water, and from the nozzle exterior walls to the H 2 co-flow. There is conduction between the different components of the assembly, and there is radiation between the nozzle and the annulus wall, and to the ambient. The complexity of this thermal analysis goes far beyond the capabilities of the computational fluid dynamic code chosen. The finite element analysis software takes into account all the heat transfer mechanisms, except for radiation from the gas. A temperature dependent model was generated for the Hexaloy grade SA silicon carbide based on the specifications provided by the manufacturer. F would have required an excessively fine mesh; hence, we modeled only its insulating effect by introducing a "thermal resistance". In analogy with the electric field, the thermal resistance per unit of area is defined as d / k where d is the thickness of the gasket and k is the thermal conductivity. Radiation from the solid surface to the ambient and to other surrounding surfaces is computed. The emissivity of stainless steel is assumed constant and equal to 0.7, where a constant value of 0.92 is used for the ceramic. Temperature of the surrounding environment is assumed constant and equal to 300K. The radiative contribution from the hot gas is neglected. Water-cooled surfaces are assumed at a constant temperature of 390 K, which is the approximate boiling temperature at the pressure of the water in the cooling passages. The heat convection is not modeled directly by the software but a heat transfer coefficient and an adiabatic wall temperature, obtained from the CFD inite elements analysis of the Cotronics ceramic paper used as gasket 
where q is the heat flux per unit area, T aw the adiabatic wall temperatu w he wall temperature. The adiabatic wall temperature is approximated to the total temperature of the gas outside the thermal boundary layer. It is a function of the axial distance and is an output of the CFD code. For the wall temperature, the profile obtained as output of the thermal analysis in the previous iteration is used. For the first iteration, we assumed a tentative constant temperature for the burner and a larger, constant temperature for the nozzle. We chose the convection heat transfer coefficient over the heat flux as input for the FEM code because it decouples the fluid dynamics of the flow from the wall temperature. Figure 4 shows the computed convective heat transfer coefficient on the internal walls for several cases of interest. The coefficient depends strongly on the exit Mach number and only slightly on the enthalpic content of the gas. Heat transfer coefficient profiles are also evaluated for the surfaces cooled from the co-flow.
We took advantage of the axisymmetric nature of the problem, by limitin re, and T is t g the analysis to a quarter of the stru mbustion cha l direction, partially mitigated by the insulating gaskets. The "annulus" are given as input to the CF cture. Only the combustion chamber, the nozzle and the co-flow-chamber are modeled. The analysis is further simplified by eliminating bolts, spark plugs and other small features that have a negligible effect on the temperature distribution. A non-structured grid of 87175 nodes defining 56426 tetrahedical elements is used for all of the calculations. The average element size is 3.0 mm but smaller elements are used to describe areas of greater interest or larger temperature gradients such as the nozzle, the contact surfaces between the ceramic and the metal, and the region where the co-flow impinges on the exterior wall of the nozzle. A grid made of 193092 nodes is used for grid convergence purposes. The temperature distribution obtained with this grid differs less than 1% from the one obtained with the original grid.
The temperature in the co mber is almost uniform in the axial direction, but presents large thermal gradient in the radial direction. The sudden change in temperature between the nozzle and the burner is due to the insulating material. Thanks to the large thermal conductivity of the silicon carbide, the temperature in the radial direction appears to be uniform, although the interior is subject to a large heat flux from the accelerating gas, and the exterior is cooled by the H 2 co-flow. A larger thermal temperature difference can be seen in the axia is heated by radiation from the nozzle and conduction from the combustion burner flange.
Updated wall temperature profiles are obtained as output of the thermal analysis and D code. The process is iterated until the peak difference between wall temperatures at the same location, as evaluated in two successive iterations, is below 1%. Figure 7a shows that the exit velocity appears to be unaffected by the wall temperature profile. ure 6. Heat fluxes (a) and temperature distribution on the combu Figure 6b shows that our initial guess for the temperature was too high but two iterations are sufficient to obtain American Institute of Aeronautics and Astronautics Exit static temperature obtained with the initial guess for the wall temperature is instead quite different from the one achieved at the end of the iterative process. Temperature influences the combustion of the external jet; therefore, an accurate knowledge of the thermal profile at the nozzle exit will eventually lead to better results in the external jet simulation. ction model, included with the VULCAN distribution, was chosen to model the chemistry. Molecular viscosity is computed using the Sutherland's law, whereas Wassiljewa's law evaluates molecular conductivity. Inviscid fluxes are modeled using the Edwards low dissipation flux split scheme with second order, kappa=1/3 rd MUSCL interpolation and a "smooth" limiter. The flow is assumed fully turbulent and the Wilcox k-ω turbulence model is used. The turbulent Prandtl number is set to 0.89, and the turbulent Schmidt number is set to 0.5.
Time integration is performed using a diagonalized approximate factorization scheme. Each domain is solved elliptically. A 3-level coarse to grid sequencing is implemented to accelerate convergence. T edrichs-Lewy (CFL) number is set to 4 for most of the calculations, and the time step is determined independently at each cell, based on its dimension and local flow properties.
A quasi 1D analysis provides the inflow conditions for all the entries in the test matrix in terms of mass flow rate of H 2 , O 2 and air. The CFD software requires mass fractions, total tempe sity, the turbulence intensity and the turbulent to molecular viscosity ratio. The product of the inflow velocity and static density is used to compute the mass flux and the mass flux is held constant. A supersonic outflow boundary with second order extrapolation of all variables is used for the simulation of the convergent-divergent nozzles. A subsonic outflow boundary condition with atmospheric backpressure is used for the sonic case. For all the walls, a temperature profile is assigned and the no slip condition imposed.
Two different stable solutions were obtained numerically simply by changing the initialization, as shown in Figure 8 . In both cases the inflow conditions were propagated through th bustion chamber and the nozzle were filled with combustion products. Enforcing a quasi 1-D initialization with subsonic flow in the burner and a supersonic outflow sets the flame in the burner (top of figure) where assigning a constant, subsonic velocity throughout the burner and the nozzle produces a flame in the premixing chamber (bottom of figure) .
American Institute of Aeronautics and Astronautics The two flames appear to be very ifferent. The recirculation region art of Figure 8 . Since both solutions are plausible, an experiment was as holding. A thermocouple was inserted right after the exit of the H 2 tube, perturbation to the flow. The measured temperature immediately ne grid was generated by halving the grid spa d generated by the sudden expansion ensures flameholding for the case displayed on the top portion of Figure  8 . Figure 9 shows in more detail the injection region for the case with flame in the premixing chamber. The OH concentration (bottom of figure) reveals that the combustion occurs in the recirculation region generated at the tip of the H 2 injection tube. If the combustion occurs in the burner the O 2 -enriched air and the H 2 are well mixed prior to combustion, and combustion occurs only in lean mixtures. If the flame is at the tip of the H 2 injection tube it contains a wider range of compositions, including compositions close to stoichiometric, and this explains the higher temperatures displayed in the contour plot in the lower p performed to evaluate where the flame w paying special attention to minimizing the increased above the limit of the thermocouple showing that a strong flame was present in this region. The flame is ignited by the spark plug at the entrance of the combustion chamber, and rapidly propagates upstream and holds at the H 2 injection tube. The H 2 injection tube is cooled internally by the H 2 and externally by the enriched air, thus its temperature remains well below the maximum allowable. The premixing chamber surface is shielded from the hot gas by the cold enriched air jet and therefore the surface heat transfer is negligible.
Iterative convergence was considered achieved when the L2 norm of the residual of the governing equations was reduced by five orders of magnitude. Three grid levels are used for grid convergence verification. We generated a coarse grid by removing every other point from the "base" grid. A fi cing in both directions, but convergence was never achieved. We attempted a time accurate solution using a third order Runge-Kutta scheme, but no steady solution was obtained; strong periodic oscillations originated in the
Figure 9. H 2 (top) and OH (bottom) at the end of the H 2 injection tube
American Institute of Aeronautics and Astronautics premixing chamber were found instead. This type of unsteady behavior was never observed during the tests conducted; therefore, this numerical solution was discarded. In this study, we are interested in describing accurately the flowfield at the nozzle exit and the heat fluxes on the combustion chamber and nozzle walls, not the ignition process. A "fine" grid was also generated by halving the grid spacing only in the combustion chamber and nozzle, keeping the same grid point distribution in the injector. Figure 10 shows the heat flux along the combustor and nozzle wall as evaluated on the three grid levels. The "base" solution is very different from the "coarse" but it is almost coincident with the "fine". The heat flux at the throat computed with the "base" grid is 2% lower than with the "fine" and 16.6 % larger than with the "coarse" grid. At the nozzle exit, the difference is 5 % and 16.7 % with respect to the "fine" and the "coarse" respectively. Except for the throat and the exit, the heat flux profiles in the nozzle obtained with the "base" and "fine" grid match very well. Figure 11 provides velocity and temperature exit profiles obtained on the three grid levels. The profiles obtained with the "base" and "fine" grid are indistinguishable, with centerline values that differ by less than 0.1%. We can conclude that for our variables of interest, grid convergence is satisfied with the "base" grid. 
D. Co-flow Simulation
The VULCAN code was used also to determine the flowfield in the co-flow chamber. The purpose of this simulation is to determine heat fluxes on the exterior surface of the nozzle in order to obtain a more accurate te also serves as an initialization for simulation of the free jet. As with the previous sim mperature distribution. It ulation, the flowfield is assumed axisymmetric and the flow fully turbulent. The modeling approach is the same as adopted previously, but no combustion is involved in this case. A structured grid consisting of 12186 points is used. Grid points are clustered near the wall so that y + <20 everywhere, satisfying the criteria for using wall functions. A subsonic mass flow rate and total temperature are assigned at the inlet and atmospheric pressure assigned at the outlet. Temperature profiles are given on the walls and heat flux obtained as output. Flow is assumed turbulent everywhere, and the Wilcox k-ω turbulence model is adopted.
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s con distribution in the co-flow chamber. The plo directly on the nozzle sur
A. Numerical Results
A database of nozzle exit profiles was generated for several cases of interest providing boundary conditions for the simulation of the free coaxial jet, and a benchmark for validation of non-intrusive laser measurement techniques t clearly shows the increase in temperature of the H 2 co-flow because of the heat transfer. The fuel temperature is an important parameter in a combustion simulation and figure clearly shows that the H 2 temperature at the exit of the nozzle is affected by the nozzle wall temperature. Figure 13 shows the computed heat fluxes on the exterior of the nozzle. H 2 flow impinges face producing very large heat fluxes, in a very small region. Thanks to the large thermal conductivity of silicon carbide, this does not generate a "cold" spot that would have caused high thermal stresses and possible material failure. Heat fluxes are obtained for all the cases of interest, and are given as input to the finite element analysis. Table II the exit pressure is slightly above atmospheric, therefore, the jet is und ater temperature measurements and IR images suggest that combustion is not complete with the M e =1 nozzle for flight Mach number below 7. The M e =1.6 simulations offer an excellent mmarizes e nume l result taken at exit, on centerl e, for s veral p ramete user f the cility w powe ul tool t lidate th nstrum ts. Sin e the flow is un values rted in the tabl e valid large a a at th on th me rement p sition, or avera proces a meas rement volume, will n er-expanded: expansion waves will depart from the nozzle exit, and a system of expansion and compression waves will be generated. In addition, the co-flow will interact with the center-jet further altering it. Hence, measurements for an instrument validation study need to be made as close as possible to the nozzle exit, typically less than a radius away from the nozzle.
V. Results Analysis
B. Numerical versus experimental results
Table III compares measurements of static pressure at the end of the combustion chamber to computational results. Pressure measurements for the M e =1 nozzle present a very low value of the total pressure for M f =5.5, 6 and 6.5 and excellent agreement for M f =7. W ag light Mach numbers. Run to run variation of the pressure readings has r the sonic and M e =1.6 nozzle the throat ma nd sis was d to ain e . r the material in its natural state and not when com g ation fr e interior of nozzle n these sources of error, if com m l value ro udies 14 17 have show a tur e transition and revert to a laminar-like behavior nt and cooling for our nozzle) is rem reement with the measured values for all the f a standard deviation of 0.04 atm, equal to or larger than the difference between the measured and computed pressure.
Results are not satisfactory for the M e =2 cases, the error is systematic and too large to be attributed to the instruments. We measured the nozzle throat for the three nozzles by using calibrated pin gauges. Fo tches the value given as design with an uncertainty of 0.001 inches whereas for the M e =2 nozzle the measured throat radius is between 1.9 and 2.2 % larger than the design value used for the CFD model. The nozzle throat area for the M e =2 nozzle is therefore between 3.8 % and 4.4 % larger than the design, explaining the lower values of pressure measured. Since the nozzle area ratio is different from design, also the centerline values, reported in Table II , would not match the experimental results.
Table IV compares the measured average temperature on the nozzle "base" with the computed one for the case with M e =1.6. The difference in the numerical and experimental results discrepancy.
is large a further analy require expl this A sensitivity study was conducted to evaluate th some uncertainties in the input for the thermal analy sources of concern were the thermal insulating ga thermal conductivity value provided by the manufacturing company is fo effect of sis. Major skets The pressed, as in our assembly. A numerical simulation was performed, setting the thermal resistance to zero; although the thermal gradients in the axial direction were increased, the base temperature was lowered only by 3%. Similar results have been obtained by reducing the cooling water temperature to 300K (nozzle "base" temperature reduction less than 1%), or by includin combustor walls (nozzle "base" temperature reduction 1.6%). No could explain the large difference between the experimental and nu In the CFD model, we assumed the flow fully turbulent. Nume boundary layer, subject to strong acceleration, can undergo a revers near the wall. This results in a strongly reduced heat transfer and a departure from the behavior of a fully turbulent boundary layer. Cooling of the nozzle also favors the boundary layer relaminarization. A true laminar boundary layer can be achieved only asymptotically radi om th the to the e of even bined erica s. us st ,15,16, n that bulent . When the driving force (pressure gradie oved, then the boundary layer will transition back to fully turbulent. Several criteria are available to determine the onset of the "relaminarization". Launder introduced an acceleration parameter Notice that the dynamic viscosity is evaluated at the wall rather than outside the boundary layer to take into account θ is the mo compressibility effects. Relaminarization would occur for K 4 >1. The criterion is immediately satisfied at the nozzle entrance, but not in the divergent section of the supersonic nozzles. For the sonic nozzle, the acceleration factor stays greater than 1 up to the exit. Neither of these criteria takes into account the stabilizing effect of the cooling, hence they underestimate the length of the "quasi-laminar" region. On the other hand, the nozzle surface is rough, with tooling marks, and this is likely to trigger re-transition to turbulence. n has been run for the c M f =5 and M laminar in the convergent region of the nozzle, where K >1, and turbulent in the divergent, where K <1. The flow An additional CFD simulatio ase with e =1.6 assuming the boundary layer 4 4 outside the boundary layer is assumed turbulent through the entire nozzle. Figure 15 compares the outflow profiles obtained with and without relaminarization in the convergent section of the nozzle. In particular, the h (8% larger than the one measured. This res er since, in terms of heat transfer, a "quasi laminar" state is very well r, and the transition region is small enough to contribute very little to e large thermal conductivity of the ceramic, allows good results to be r and temperature distribution, but not necessarily for other variables at energy and eddy viscosity ratio. Our approach does not model the very t served mainly to validate our explanation of the difference between centerline values, listed in Table II , are still valid, except for the turbulent kinetic energy as s own in Figure 16 . The new nozzle base temperature is 601 K, still 46K ) ult was expected because the criterion chosen neglects the effects of the cooling on the wall. If the boundary layer is assumed laminar throughout the nozzle the base temperature is 476K, about 15% lower than measured. This result suggests that the boundary layer re-transitions to turbulence along the divergent section of the nozzle. Pin-pointing where the retransition occurs would be difficult and would add very little to the results obtained. The code does not model either transition or the "quasi laminar" state of the b This approach works well for the heat transf approximated by a true laminar boundary laye the total heat fluxes. This, combined with th obtained with this approach for heat transfe the nozzle exit, in particular turbulent kinetic complex physics of the relaminarization and i the numerical and experimental results. American Institute of Aeronautics and Astronautics inside the burner was computed for a wide range of operative conditions. CFD simulations were coupled to FEM thermal analysis to obtain results that are more accurate. A large database of outflow and wall temperature profiles was generated for a wide range of conditions of interest providing accurate boundary conditions for the analysis of the external combusting coaxial jet, and a benchmark to validate new or improved non-intrusive measurement techniques. Experiments have been essential in correctly interpreting the numerical results revealing that the flow was more complex than expected (relaminar sition to turbulence). Numerical simulations em as conducted at NASA Langley Research Center in the laboratories of the Hypersonic Airbreathing Pro
VI. Conclusion
